Objective: Leptin alleviates hyperglycemia in rodent models of Type 1 diabetes by activating leptin receptors within the central nervous system. Here we delineate whether non-canonical leptin signaling through the Creb-regulated transcriptional coactivator 1 (Crtc1) contributes to leptindependent improvements in diabetic glucose metabolism. Methods: We employed mice with a targeted genetic disruption of Crtc1, tracer dilution techniques and neuroanatomical studies to interrogate whether Crtc1 enables leptin to improve glucose metabolism in streptozotocin-induced (STZ) diabetes. Results: Here we show that leptin improves diabetic glucose metabolism through Crtc1-dependent and independent mechanisms. We find that leptin reduces diabetic hyperglycemia, hepatic gluconeogenic gene expression and selectively increases glucose disposal to brown adipose tissue and heart, in STZ-diabetic Crtc1 WT mice but not Crtc1 þ/À mice. By contrast, leptin decreases circulating glucagon levels in both STZ-diabetic
INTRODUCTION
In addition to regulating appetite and body weight homeostasis, leptin modulates glucose metabolism through food-intake independent mechanisms [1e4] . Studies in Type 1 diabetic rodent models have demonstrated that leptin can normalize diabetic hyperglycemia and increase survival without concomitant insulin therapy [5e7] . While it is established that leptin exerts its antidiabetic effects through actions within the brain [5e8], the signaling mechanisms, responsible neurocircuits and respective glucoregulatory functions remain to be defined. Leptin binding to leptin receptors (Leprs) initiates Lepr oligomerization and signaling from Janus kinase 2 (Jak2) to signal transducer and activator of transcription 3 (Stat3), the canonical transcriptional effector of leptin action [9e11] . Leptin also signals through a transcriptional coactivator predominantly expressed in the brain, Creb-regulated transcriptional coactivator 1 (Crtc1), to modulate energy balance and reproductive function [12e14] . Leptin enhances Crtc1 dephosphorylation and nuclear translocation in the ARC, leading to increased expression of cocaine and amphetamine regulated transcript (Cart) and kisspeptin (Kiss1), which encode neuropeptides that regulate satiety and reproduction, respectively [12, 15] . Accordingly, leptin stimulates Crtc1-occupancy of the Cart and Kiss1 promoters in the mediobasal hypothalamus of Ob/Ob mice [12] . Moreover, Crtc1 À/À mice are hyperphagic, mildly obese, and resistant to the anorectic effects of leptin despite intact canonical signaling to Stat3 [12] . This suggests that Crtc1 may function in a signaling pathway downstream of leptin that is independent of Stat3. While these data highlight the importance of Crtc1 as an alternate transcriptional mediator of leptin control over energy and reproductive homeostasis, it is unclear whether Crtc1 is also necessary for leptin-dependent regulation of glucose metabolism. Given the emerging role for leptin in alleviating hyperglycemia in rodent models of type 1 diabetes (T1DM) [5e7,16e19], we sought to delineate whether Crtc1 contributes to the glucose lowering effects of leptin.
water, a standard chow diet (Teklad 2916), and nestlets for enrichment unless otherwise specified. Crtc1 mutant mice, described previously [12] , were backcrossed for 10 generations on a C57BL/6N (Harlan) background. Intraperitoneal glucose tolerance tests were performed in 10e14 week old male Crtc1 þ/À and Crtc1 WT littermates after an overnight (16 h) fast, as described previously [12] . Blood was collected via the tail into EDTA-coated capillary tubes (StatSpin), transferred to microcentrifuge tubes, and kept on ice. Blood was centrifuged for 15 min at 2000 g at 4 C, and stored at À80 C till analysis. Insulin-deficient diabetes was induced in 10e14 week old male Crtc1 þ/ À and Crtc1
WT littermates via 5 days of daily streptozotocin (STZ; i.p. 50 mg/kg) injection [20] . Five days after the final STZ injection, blood glucose levels were measured from the tail vein using an AlphaTrak2 glucometer (Abbott). Mice with blood glucose levels >300 mg/dL for at least 2 consecutive days were considered diabetic and randomized to treatment groups. Mice were single housed for at least 72 h prior to initiating treatments. Ten to twelve days after the final STZ injection, treatments with vehicle (20 mM Tris, pH 8) or leptin (carrier free, R&D Systems) were initiated, as indicated. At the end of the study, mice were anesthetized with chloral hydrate (1.2 g/kg, i.p.) and euthanized via decapitation or transcardial fix-perfusion. Following decapitation, a region enriched for the ARC was microdissected, as described previously [12] . Non-fixed peripheral tissues were dissected and snap-frozen in liquid nitrogen. Prior to euthanasia, whole blood was obtained by cardiac puncture for serum measurements. Whole blood was transferred to serum separator tubes (BD) and allowed to clot for 30 min at room temperature prior to centrifugation at 1500 g for 15 min at 4 C. Serum was aliquoted and stored at À80 C until analysis. Glucose kinetics were determined in a separate cohort of STZ-diabetic Crtc1 WT and Crtc1 þ/À mice. Following confirmed hyperglycemia, catheters were surgically implanted into the left jugular vein and right carotid artery, as described previously [21] . Post-surgery, mice were single housed and allowed to recover for 4e5 days before initiating vehicle or leptin treatment (1 mg/kg, i.p., q.d. Â 3d). On the last day of treatment, mice were fasted for 5 h for glucose turnover and tissue glucose uptake analyses. One hour into the fast, mice received the last treatment dose. ]-deoxyglucose-6-phosphate were quantified as described previously [21] . The rates of glucose appearance (R a ) and disappearance (R d ) were calculated using Steele's non-steady state equations [22] . Glucose concentrationedependent and eindependent indices of tissue glucose uptake, (R g and K g , respectively) were calculated as described [23] . The effects of central leptin treatment were determined in a separate cohort of STZ-diabetic Crtc1
WT and Crtc1 þ/À mice. Following confirmed hyperglycemia, mice were anesthetized with isoflurane (2e 4% for induction, 0.8e1.5% maintenance) and underwent stereotaxic surgery as described previously [12] with the following modifications. A 26 gauge guide cannula (Plastics One) was positioned within the lateral ventricle using targeting coordinates based on the Franklin and Paxinos mouse brain atlas [24] . The implantation coordinates were located relative to bregma at anteroposterior À0.7, mediolateral þ1.16, dorsoventral À2.0. Two support dental screws were positioned 3e4 mm rostral to the cannula. The cannula and support screws were fixed in place using dental cement. 
Immunoblotting
Tissue lysates were prepared as described [12] . Pck1 and Hsp90 protein levels were detected by immunoblot using antibodies from Cayman Chemical and Santa Cruz Biotechnology, respectively. Band densitometry was conducted using QuantityOne Software (Bio-Rad).
Immunostaining and microscopy analysis
Free-floating 30 mm brain sections were prepared from transcardially fix-perfused mice, as described [12] . Brain sections from each experimental group were processed concurrently to ensure comparable staining between animals/treatments. For all immunostaining, brain sections were blocked and primary/secondary antibodies were diluted in a solution containing 1% donkey serum (Jackson Immunoresearch), 0.03% Triton X-100, and 0.05 M potassium phosphatebuffered saline (K-PBS). When applicable, avidin and biotin blocking was performed according to the manufacturer's protocol (Vector Labs).
Immunohistochemical staining for pStat3(Y705) (#9145, Cell Signaling Technologies; 1:1000, 16 h at 4 C) was performed on equally spaced series' of brain sections as reported [12, 25] . Brightfield images were obtained by whole slide scanning with a 20x objective on a Scanscope XT (Aperio). Sections were matched by tissue comparison with the Franklin and Paxinos mouse brain atlas [24] . Neuroanatomical areas and distance from bregma were approximated based on this atlas. The number of pStat3(Y705) immunoreactive cells was quantified bilaterally for a given area at the rostro-caudal level indicated. Immunostained nuclei and areas with background staining were selected with a fixed 10 pixel diameter circle in the GNU Image Manipulation Program. The number of nuclei and mean gray values were quantitated in ImageJ. The threshold for positive-labeling was set at twice the mean gray value of background staining. Immunofluorescent staining was conducted on free-floating brain sections matched at the rostro-caudal level. Brain sections were processed as reported [12] with the following modifications. For Crtc1 immunofluorescent staining, sections were incubated for 2 h at room temperature followed by 16 h at 4 C with the Crtc1 antibody (#6938 PBL-M, Salk Institute; 1:500) shown to specifically label Crtc1 in Supplementary Figure 3A and previously [12] . The Crtc1 antisera was pre-adsorbed to bovine thyroglobulin (Sigma Figure 3C ).
Immunofluorescent images were acquired by laser-scanning confocal microscopy with an A1R confocal microscope (Nikon Instruments).
Images were obtained with a Plan Apo 60x/1.40 oil objective (Nikon) and stitched with the NIS Elements AR software (Nikon). Identical acquisition settings were used for imaging each brain section from all groups within an experiment. The numbers of nuclei, immunoreactive soma and/or nuclei, and colocalization analyses were quantified in 3D stack volumes after uniform background subtraction using the NIS Elements AR software (Nikon).
Immunofluorescence and immunohistochemical staining for insulin were performed on 7 mm sections spaced 100 mm apart from paraffinembedded pancreatic tissue obtained from fix-perfused mice. The insulin antibodies were from US Biologicals and Dako. Confocal fluorescent images and brightfield images were obtained as described above for brain sections. Analyses were performed in Nikon Elements and Aperio software, respectively.
Statistical analysis
Data are presented as the mean AE SEM. Statistical analyses were performed in GraphPad Prism (GraphPad Software Inc.). Unpaired ttests were used for comparisons between two groups. A two-way ANOVA followed by Tukey's post-hoc test was used to determine statistical significance for more than two groups with two factors.
RESULTS
3.1. Leptin alleviates diabetic hyperglycemia and hyperglucagonemia through Crtc1-dependent and -independent mechanisms To investigate whether Crtc1 contributes to leptin-dependent improvements in diabetic hyperglycemia, we induced diabetes in Crtc1 À/ À mice with respect to food consumption and body weight [12] . Since reduction of diabetic hyperphagia is also associated with improvements in diabetic glycemia [6] , we studied Crtc1 þ/À animals to minimize the influence of these parameters on glucose metabolism. Figure 1B) . The blood glucose area under the curve was similar between Crtc1 WT and Crtc1 þ/À mice (Supplementary Figure 1B) . Moreover, fasting plasma insulin levels were similar between Crtc1 WT and Crtc1 þ/À mice (0.088 AE 0.059 and 0.035 AE 0.035 ng/mL, respectively; Supplementary Figure 1B Figure 1C) . However, no differences in body weight were evident between STZ-diabetic Crtc1 þ/À and Crtc1 WT mice prior to or following vehicle or leptin treatment (Table 1 ). Leptin did not significantly impact daily or cumulative food intake in either STZdiabetic Crtc1
WT or Crtc1 þ/À mice (Table 1) . Accordingly, changes in body weight were similar between vehicle-and leptin-treated mice of both genotypes (Table 1) . Prior to treatment, blood glucose levels were similar between STZdiabetic Crtc1 WT and Crtc1 þ/À mice (531 AE 31 and 580 AE 39 mg/ dL, respectively; Figure 1A ). Leptin (1 mg/kg, i.p., q.d. Â 3d) lowered blood glucose levels in STZ-diabetic Crtc1 WT mice when compared to vehicle-treated control STZ-diabetic Crtc1 WT mice (443 AE 25 vs. 531 AE 31 mg/dL, respectively, P < 0.05, N ¼ 14e21; Figure 1A ). Vehicle-treated STZ-diabetic Crtc1 WT mice exhibited a rise in blood glucose from pre-treatment levels, whereas leptin-treated STZ-diabetic Crtc1
WT showed a lowering in circulating glucose relative to pretreatment levels ( Figure 1A ). By contrast, STZ-diabetic Crtc1 þ/À littermates were refractory to the anti-hyperglycemic effects of leptin ( Figure 1A ). Blood glucose levels were 580 AE 39 mg/dL and 561 AE 25 mg/dL in vehicle-and leptin-treated STZ-diabetic Crtc1 þ/À mice. Leptin's ability to lower blood glucose levels in rodent models of T1DM is associated with reduced circulating glucagon [5,26e28] or corticosterone levels [5, 29] . Therefore we explored the possibility that leptin's inability to reduce hyperglycemia in STZ-diabetic Crtc1 þ/À mice may reflect impaired leptin regulation of glucagon and/or Table 1 e Body weight and food intake parameters. corticosterone secretion. In vehicle-treated STZ-diabetic Crtc1 WT and Crtc1 þ/À mice, serum leptin concentrations were very low and did not differ between the genotypes (0.087 AE 0.023 and 0.160 AE 0.049 ng/ mL, respectively). As expected, leptin treatment resulted in increased circulating leptin levels in both genotypes ( Figure 1B ). Consistent with previous findings [5,26e28] , leptin reduced serum glucagon in STZdiabetic Crtc1 WT mice ( Figure 1B) . Notably, leptin also lowered serum glucagon in STZ-diabetic Crtc1 þ/À mice ( Figure 1B mice. By contrast, no significant differences were detected for serum corticosterone levels between vehicle-and leptin-treated mice of either genotype ( Figure 1B) . Thus, leptin alleviates hyperglucagonemia in STZ-diabetes via Crtc1-independent mechanisms. Because we observed a significant increase in insulin levels with leptin treatment, we determined if this reflects the presence of residual b- 3.2. Acute leptin treatment promotes Crtc1 nuclear translocation in STZ-diabetic mice Crtc1 is a transcriptional coactivator that is regulated by nucleocytoplasmic shuttling [12,30e33] . In leptin-deficient, hyperinsulinemic Ob/ Ob mice, acute leptin treatment triggers Crtc1 nuclear translocation in the ARC [12] . Given the impact of reduced Crtc1 expression on leptin's ability to improve glucose homeostasis in STZ-diabetes, we sought to determine if leptin promotes Crtc1 nuclear localization in ARC neurons, in the setting of insulin-dependent diabetes. In particular, we examined the effect of a single vehicle or leptin dose (1 mg/kg, i.p.) on Crtc1 subcellular localization within the ARC. Immunolabeling for Crtc1 revealed that within 30 min of a single leptin treatment, Crtc1 subcellular localization is altered in ARC neurons of STZ-diabetic mice (Figure 2A ). Quantitative confocal colocalization analyses further confirmed that while the number of Crtc1-positive (Crtc1 þ ) cells in the ARC is not altered by leptin, there is an increase in the percentage of cells with nuclear Crtc1 staining ( Figure 2B ). In vehicle-treated STZdiabetic mice, Crtc1 is predominantly localized in the cytoplasm of ARC cells, whereas following a single leptin dose, Crtc1 resides in the cytoplasm and nucleus, or is exclusively nuclear ( Figure 2B ). Next, we determined whether leptin promotes Crtc1 nuclear translocation specifically in ARC Pomc neurons by double immunofluorescent staining for Crtc1 and a-melanocyte stimulating hormone (aMsh), a neuropeptide derived from cleavage of the Pomc peptide [34] . For this analysis, we used brain sections from STZ-diabetic mice treated for 3 days with leptin, since we detected very few soma immunolabeled for a-Msh following acute leptin treatment (Supplementary Figure 3B) . Following 3 days of leptin treatment, Crtc1 was detected in the nucleus in 85.5 AE 3.0% (N ¼ 5) of ARC Crtc1 þ neurons. In approximately 42% of ARC Crtc1 þ neurons, the soma were co-labeled with a-Msh. In these ARC Pomc þ Crtc1 neurons, Crtc1 was primarily detected within the nucleus ( Figure 2C,D) . In the remaining ARC non-Pomc Crtc1 neurons, the majority of Crtc1 was distributed to both the cytoplasm and nucleus, or was exclusively nuclear ( Figure 2C ). Of note, Crtc1 was detected in a significant number of neurons labeled with a-Msh in the soma. Specifically, Crtc1
STZ-Crtc1
þ Pomc neurons accounts for roughly 42% of total Pomc neurons in the midlevel ARC ( Figure 2D ). These data are consistent with ARC Pomc neurons being a heterogeneous population [35e37]. Because leptin promotes Crtc1 nuclear translocation in the ARC, we further assessed if diminished Crtc1 function impacts leptin regulation of key genes in the ARC. In vehicle-treated animals, no differences in Cart or Pomc transcripts were detected in the ARC between the two genotypes ( Figure 2G ). As expected, leptin treatment stimulated both Cart and Pomc gene expression in the ARC of STZ-diabetic Crtc1 WT mice, and these effects were blunted in STZ-diabetic Crtc1 þ/À mice ( Figure 2G ). Hence, Crtc1 is necessary for leptin to induce Cart and Pomc gene expression in the ARC.
STZ-diabetic

Leptin modulates metabolic gene expression and enhances glucose uptake in peripheral tissues via Crtc1
Improved circulating glucose levels may reflect changes in the rates of hepatic glucose output and/or tissue glucose uptake. To begin to analyze this, we examined the impact of reduced Crtc1 function on leptin regulation of genes involved in glucose metabolism in liver and soleus muscle. Consistent with the glucose-lowering effects of leptin, hepatic expression of Pck1 and Ppargc1a, key regulators of hepatic gluconeogenesis [42] , were decreased relative to vehicle-treated STZdiabetic Crtc1 WT mice. By contrast, leptin treatment failed to lower Pck1 and Ppargc1a mRNA levels in the livers of STZ-diabetic Crtc1 þ/À animals ( Figure 3A) . Immunoblot analyses further showed that leptin suppression of Pck1 transcripts translates to a reduction in Pck1 protein levels ( Figure 3A) . In soleus muscle, leptin stimulated Ppargc1a gene expression but did not modulate expression of the glucose transporters, Glut1 and Glut4 ( Figure 3B ). Next, we directly examined the functional contribution of Crtc1 to leptin-driven changes in glucose metabolism in STZ-diabetes by employing tracer dilution techniques. In the post-absorptive state, leptin treatment (i.p. 1 mg/kg, q.d. Â 3d) did not suppress endogenous R a , a marker of hepatic glucose production, or stimulate whole-body glucose disappearance (R d ) in either genotype when compared to vehicle treatment ( Figure 4A) . Similarly, no changes in brain and skeletal muscle glucose uptake were evident between leptin-and vehicle-treated STZ-diabetic mice of either genotype (Supplementary Figure 5) . Neither the glucose metabolic index (R g ) or glucose clearance (K g ) for skeletal muscle was altered by leptin treatment (Supplementary Figure 5) . However, leptin significantly enhanced iBAT and myocardial glucose uptake in STZ-diabetic Crtc1 WT mice (Figure 4BeC) . In leptin-treated STZ-diabetic Crtc1 WT mice, glucose clearance by iBAT and heart was significantly greater than in vehicletreated mice. Similarly, iBAT R g was increased in leptin-treated STZdiabetic Crtc1
WT animals, demonstrating that leptin also enhances glucose concentration-dependent glucose uptake. By comparison, leptin did not stimulate glucose uptake into iBAT or heart in STZdiabetic Crtc1 þ/À mice (Figure 4BeC ), further demonstrating that
Crtc1 not only contributes to leptin-driven metabolic changes at the molecular level but is also important for leptin-driven increases in glucose metabolism in specific peripheral tissues.
To further examine whether Crtc1 may play a direct role in these peripheral tissues, we examined Crtc1 protein expression in liver, iBAT and heart. In line with prior findings [13, 43] , Crtc1 protein was detected in brain but not liver, iBAT or heart (Supplementary Figure 6) . Lastly, we explored whether central leptin delivery improves diabetic hyperglycemia through Crtc1. STZ-diabetic Crtc1 Figure 7A) . In STZ-diabetic Crtc1 þ/À mice, a 20% decrease in food intake was observed with i.c.v. leptin treatment, but this did not reach statistical significance (Supplementary Figure 7A) . Since treatment-and genotype-dependent differences were observed for food intake, we pair-fed groups of STZ-diabetic Crtc1 WT and Crtc1 þ/À mice with the amount of food consumed by i.c.v. leptin-treated STZ-diabetic Crtc1 WT mice. As anticipated, i.c.v. leptin treatment resulted in a 39.6 AE 4.0% lowering in blood glucose levels from pre-treatment levels in STZ-diabetic Crtc1 WT mice. The glucose-lowering effects observed with i.c.v. leptin treatment were not solely dependent on food-intake, since pairfeeding resulted in a 5.6 AE 5.6% decline in blood glucose in STZ-diabetic Crtc1 WT mice. By contrast, i.c.v leptin-treatment failed to improve hyperglycemia in STZ-diabetic Crtc1 þ/À mice. These data suggest that Crtc1 is necessary for both peripheral and central leptin treatment to improve diabetic hyperglycemia.
DISCUSSION
In the current study, we examined the significance of Crtc1 in leptin's glucoregulatory functions in uncontrolled diabetes. Collectively, our data show that leptin improves diabetic glucose metabolism through both Crtc1-dependent and -independent mechanisms. In particular, we demonstrate that Crtc1 is necessary for leptin-dependent improvements in glycemia and metabolic gene regulation in liver and soleus muscle in the setting of insulin-dependent diabetes. Furthermore, we establish a previously undescribed role for Crtc1 in leptinstimulated glucose disposal to brown adipose tissue and heart. By contrast, our data reveal that Crtc1 is not essential for leptin to alleviate hyperglucagonemia in STZ-diabetic mice. In addition, we find that in STZ-diabetes, leptin promotes Crtc1 nuclear translocation within the ARC and specifically in Pomc and non-Pomc neurons. Moreover, leptin stimulation of Cart and Pomc gene expression in the ARC is dampened in STZ-diabetic Crtc1 þ/À mice. Lastly, we demonstrate that reduced expression of Crtc1 does not significantly impair leptin's ability to stimulate Stat3 Y705 phosphorylation in hypothalamic and hindbrain nuclei.
Although the anti-diabetic actions of leptin are initiated by leptin signaling within the brain [7, 8] , the responses of peripheral tissues drive leptin-dependent improvements in glucose metabolism. Earlier studies have linked leptin's anti-diabetic actions with suppression of hyperglucagonemia [5,26e28] ; however recent studies have decoupled leptin's ability to normalize blood glucose levels from its antihyperglucagonemic effects in uncontrolled diabetes [29, 44] . Here, we confirm that leptin reduces serum glucagon levels and improves diabetic hyperglycemia in STZ-diabetic Crtc1 WT mice. However, we also find that leptin lowers glucagon concentrations to the same extent in STZ-diabetic Crtc1 þ/À animals, which are unresponsive to the antihyperglycemic actions of leptin. Thus, these data support prior evidence [29] that leptin's glucose lowering effects can be uncoupled from its ability to suppress hyperglucagonemia. These findings also reveal that leptin employs a Crtc1-independent mechanism to lower glucagon levels in Type 1 diabetic rodents. While previous reports provide compelling evidence that leptin decreases glucagon levels through an insulin-independent mechanism [6] , we cannot exclude this possibility in our study. Although insulin levels were very low in vehicle-treated STZ-diabetic Crtc1 WT and Crtc1 þ/À mice ( 0.075 ng/mL), leptin significantly increased insulin levels in both genotypes. This discrepancy is attributed to the presence of residual b-cells, which survive STZ treatment in our model. In this regard, it is noteworthy that short-term intravenous leptin infusion has been shown to increase circulating insulin in Ob/Ob mice [1] . In the present study, the glucose-lowering effects of leptin are associated with enhanced glucose uptake into iBAT and heart. Notably, our data implicate Crtc1 as a mediator for these metabolic changes. Because we and others find that leptin enhances iBAT glucose uptake [5, 8, 28] , leptin-stimulated iBAT thermogenesis may underlie leptin's anti-diabetic actions. This is an attractive possibility since BAT recruitment improves glucose metabolism in humans [45] . Moreover, increasing BAT abundance through transplantation improves glucose homeostasis dose-dependently in non-diabetic mice [46] . Also, Crtc1 À/À mice have reduced energy expenditure compared to Crtc1 WT mice [12] , but the mechanism responsible for this phenotype has not been delineated. Lastly, both the glucoregulatory and thermogenic effects of leptin are independent of leptin's anorexigenic actions [1, 2, 6, 19, 47] . Further studies are necessary to directly examine the contribution of leptin-stimulated thermogenesis in improving diabetic glucose metabolism. In addition, it is currently unknown whether Crtc1 contributes to iBAT thermogenesis in response to leptin, cold exposure and/or high-fat feeding.
Leptin also influences hepatic glucose metabolism in uncontrolled diabetes [5, 8, 29] . In addition to leptin acutely reducing gluconeogenic substrate availability [29] , data from our laboratory and others suggest that molecular changes in Pck1 mRNA and protein levels [5, 8, 27, 29] may provide a positive feed-forward mechanism for leptin suppression of hepatic gluconeogenic flux. Importantly, we find that Crtc1 is necessary for these leptin-driven molecular changes in liver. Despite these compelling data, we did not observe significant changes in whole body endogenous glucose production following leptin treatment. This is in contrast to the inhibition of endogenous glucose production observed with chronic central leptin delivery [5] , but may be consistent with molecular changes preceding alterations in metabolic flux.
Alternatively, peripheral leptin treatment may reduce hepatic gluconeogenic flux, but not overall hepatic glucose production. Nevertheless, our study supports literature evidence for both a reduced capacity for hepatic gluconeogenesis and enhanced tissue glucose uptake as likely mechanisms that contribute to leptin's ability to alleviate diabetic hyperglycemia [5, 8, 28] . Importantly, our data implicates Crtc1 as a conduit for these glucoregulatory actions of leptin. In non-diabetic rodents the ARC is essential for leptin's glucoregulatory effects and ARC Pomc neurons play a prominent role in this regard [54] . However, in insulin-deficient diabetes Lepr expression in ARC Pomc neurons accounts for only a small portion of leptin's glucoselowering effects [8] . Thus, Lepr signaling in ARC Pomc neurons is not sufficient to mediate all of leptin's antidiabetic actions [8] . Rather, as with many of leptin's physiological effects, it is very likely that several neuronal populations are integral for leptin to improve peripheral glucose metabolism and increase survival in insulin-deficient diabetes. Consistent with this, Lepr-expressing GABAergic and Pomc neurons collectively mediate leptin's glucose lowering and life-saving effects in type 1 diabetes [8] . It is noteworthy that leptin also induces Crtc1 nuclear localization in ARC non-Pomc neurons. Further studies are required to determine the identity of these leptin-responsive Crtc1 þ neurons in the ARC. GABAergic non-Pomc neurons identifiable with Cre recombinase expression driven by the rat insulin-2 promoter, are plausible candidates since these neurons contribute to leptin-regulated BAT function [55] . Since Crtc1 nuclear translocation is coupled to calcium influx and thus neuronal activity [12,30e33] , Crtc1 is poised to function as an activity-dependent transcriptional coactivator. Correspondingly, Crtc1 may play a pivotal role in leptin-excited neurons. Additional studies are necessary to test the relative metabolic and transcriptional functions of Crtc1 in ARC Pomc and non-Pomc neurons and to identify extra-ARC neurons in which Crtc1 responds to leptin. While we demonstrate that i.c.v leptin-treatment fails to improve hyperglycemia in STZ-diabetic Crtc1 þ/À mice, these data do not exclude the possibility of Crtc1 playing a role in peripheral tissues. However, we did not detect Crtc1 protein levels in liver, iBAT and heart; which, implies that Crtc1 may not play a direct role in these tissues. Conditional genetic ablation and/or targeted knockdown of Crtc1 within the central nervous system and/or in specific peripheral tissues will provide clarity in this regard. In summary, this study defines Crtc1 as a transcriptional effector that is necessary for leptin to alleviate hyperglycemia but not glucagon secretion in experimental diabetes. These data highlight a role for leptin-Crtc1 signaling in regulating metabolic gene expression in liver and soleus, and improving glucose uptake into iBAT and heart. Future studies delineating the leptin-responsive neurocircuits and their respective glucoregulatory functions may provide a foundation for the development of novel therapeutics to restore normoglycemia in Type 1 diabetes.
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